Auxin (indole-3-acetic acid) enhances movement of tritiated water into and out of stem segments of etiolated peas. The time required for water in the tissue to attain one-half equilibrium with water in the surrounding solution is significantly shorter and the initial flux rate is higher in auxin-treated sections. The response is one of the most rapid to auxin, occurring well within 1 min after application of the hormone. This suggests that an action of auxin on the membrane system occurs before or coincident with auxin-induced enhancement of growth and wall elastic extensibility.
Certain responses to auxin, such as enhanced synthesis of protein and RNA (1) , occur after so long a lag phase that they seem not to be associated with the primary action of the plant growth hormone. Of more immediate interest are several responses to auxin which occur within 1-10 min, including an alteration in the rate of elongation of stem sections (2, 3) , enhanced protoplasmic streaming in the Avena coleoptile (4) , altered electrical potential in the coleoptile (5), inhibition of root growth (6) , and increased extensibility in stem sections (7) . We find that auxin also immediately changes water flux in pea-stem sections, which supports the hypothesis that a primary action of auxin may be on a membrane system.
MATERIALS AND METHODS Plant material
Pea seedlings (Pisum sativum L. var. Alaska) were grown il wet vermiculite for 7 days in total darkness at 230C. Sections 1 cm in length were cut from the subapical region of the third internode under dim green light. Root sections 1 cm long were cut 3 mm behind the tip of 3-day-old seedlings having 5-to 7-cm roots.
Procedure
Ten stem sections were incubated in 5 ml of solution containing 5 mM potassium phosphate (pH 6.8), 2% sucrose, 5 ,uM cobalt chloride, and [3H]water (1 jACi/ml) in a sealed 50-ml Erlenmeyer flask for 90 min, with or without test substances. The sections were gently shaken under dim green illumination during this and subsequent treatments. By the end of the 90 min preincubation period the tissue had completely equilibrated with the tritiated water; it was then blotted on a paper towel and transferred to tritium-free solution having the same concentrations of chemicals as the preincubation medium. At appropriate times after the transfer, 0.2 mlaliquots were removed and radioactivity was determined by liquid scintillation counting. The half-time for equilibrium with the external medium, and the initial efflux rate of [3HI water during the first few minutes, were used as a measure of water permeability.
RESULTS
Theoretically and in practice, efflux and influx of labeled water have similar kinetics (8) , unless mass movement of water occurs due to an osmotic gradient. In the present study similar results were obtained both by the method selected to measure water efflux, and also when influx was determined by counting radioactivity in sections at various intervals after they were placed in tritiated water ( Table 1) . As indicated in the table, we find IAA to stimulate water flux equally in both directions. In all efflux studies, regardless of the nature of the treatment, the final concentration of
[3H]water in the external solution at equilibrium was the same; only the kinetics of exchange leading to equilibrium were altered. The half-time for equilibrium in stem sections is similar to that measured in Avena coleoptiles (8) , whereas roots (9, and Table 5 ) and thin discs of potato (10) have much shorter half-times. When the coleoptile is killed with DNP the half-time decreases only slightly (8) , whereas under the same condition or when roots are killed with heat the halftime is reduced by 70-85% (9) . This difference between roots and stems probably reflects the fact that roots, adapted to take up water from the soil, lack a cuticle, whereas stems are cutinized to prevent water loss. Consequently, when pea epicotyl sections are killed with heat so that the membrane system cannot limit water movement, the half-time only increases by about 50%; if the same sections are killed with xylene, which also removes the cuticle, the half-time is reduced by 80% (Table 2 ). In both cases the tissue is judged to be dead because it becomes flaccid, translucent, and unable to grow. If the cuticle of a pea-stem section is left intact, diffusion apparently takes place entirely through the cut surfaces, and as a result the rate is a function of section length ( Table 1) .
Because of this situation it may be inferred that even if a physiological treatment rendered the membrane system completely permeable to water, as long as the cuticle remains intact the half-time for water movement could not decrease by more than about 50%. The time course of the effect of IAA on water flux was determined by treating pea-stem sections (loaded with tritiated water) with 10 MM IAA for various periods before measuring outward diffusion of labeled water. Sections not treated with IAA respond to added auxin within 30 sec (Fig. 1) , but the magnitude of the effect increases when the tissue is first treated with IAA. The rapid response to IAA is quite reproducible; in four experiments when IAA was added at zero time, for all measurements (30, 60, and 120 sec) the total efflux was increased an average value of 16 i 5.1%. So far, only compounds of the auxin type (IAA and 2,4-dichlorophenoxyacetic acid) have been found to produce this effect; other hormones (gibberellic acid, ethylene, and benzyl adenine), benzoic acid (a nonactive auxin analogue with pKA similar to that of IAA), and calcium ion had no influence on water flux, while cycloheximide and 2,4-dinitrophenol (DNP) reduced it (Table 2 ). Cycloheximide (2Mjg/ml) and DNP (10/MM) did not prevent IAA from stimulating water movement under conditions where cycloheximide inhibited both control and IAA-induced growth, while DNP did not influence growth. Calcium ion (20 mM) not only inhibited control and IAA-induced growth but also prevented the hormone from stimulating water movement.
In order to determine whether the effect of auxins on water movement might be associated with their growth-promoting ability, the dependence of growth and water movement on auxin concentration was investigated. As little as 0.3-1 AM IAA induces a maxinmal stimulation of growth in etiolated pea subapical tissue throughout a 4-hr period (11) , whereas 10- 30 MM IAA is required to stimulate water flux maximally during approximately the same interval ( Table 3 during a 3-hr period is approximately one-tenth of that which significantly enhances water movement in a 2-hr period. Efflux of tritiated water remains enhanced when tissue previously treated with 10 uM IAA (in tritiated water) for 90 min is transferred to IAA-free tritiated water for an additional 4 hr (Table 4) . Thus the effect of IAA on water flux persists long after measurable endogenous hormone has escaped from the tissue, and growth has returned to a control value (11) .
IAA also stimulates water flux in root sections when it inhibits their growth, but the effect on water permeability does not set in as rapidly in the root as it does in the stem (Table   5 ).
DISCUSSION
The exchange of water between the inside of a cell and outside environment must involve movement through the plasma membrane and (or) tonoplast. This exchange, qualitatively expressed as permeability, is known to be influenced by auxin (10, 12, 13) , although there has been some disagreement in- the case of the Avena coleoptile (8, 13) . The present communication demonstrates that the timing of this response in pea-stem sections is as rapid as, or more rapid than, the induction of growth (2) and increase in elastic extensibility (7) in the same tissue. Thus it is possible to consider the enhancement of water permeability to be associated with the cause, rather than the result of the immediate action of auxin.
We have been unable to determine whether the effect on water permeability is required for auxin-induced growth. The main evidence contraindicating a causal relationship between promotion of water movement and growth is the fact that the two responses are induced at different IAA threshold concentrations, reach a maximum at different optimal IAA concentrations, and persist for different periods of time after IAA is removed. It is possible that a threshold effect too small to measure might influence profoundly a process such as growth, and the fact that the effect on permeability persists after that on growth subsides does not exclude the possibility that the effect on permeability is a prerequisite for that on growth, but in general the data certainly seem to make it unlikely. Inhibitor studies, on the other hand, suggest that the effect on permeability may be related in some way to the growth response. Cycloheximide inhibits growth but does not prevent auxin from stimulating it; rather, the inhibitor seems only to prevent the stimulation from persisting (14) . Cycloheximide also does not prevent auxin from enhancing water flux (Table 2) when it causes a long-term inhibition of growth. Similarly, DNP does not prevent IAA from stimulating water movement when applied at a concentration which retards water flux without influencing growth. Low concentrations of calcium often affect membranes, but in pea-stem tissue no calcium concentration altered the water flux. However, high concentrations of calcium, which inhibit auxin-induced wall synthesis and growth in Avena (15) , also prevented auxin from stimulating water movement. The results with DNP do not exclude a correlation between auxin-induced changes in water flux and growth, while those with cycloheximide and calcium rather favor a causal relationship. Moreover, it was noted that IAA could not stimulate either water movement or growth in older pea internodal tissue.
Generally, diffusion of labeled water is considered to obey Fick's second law, and therefore to whatever extent it is limited by an accumulation of solvent in the vicinity of the barrier to diffusion, it could be enhanced by an increase in the mixing action caused by protoplasmic streaming. Usually it is assumed that diffusion away from the membranes is not ratelimiting in small cells, especially when they are highly vacuolated so that the protoplasm only constitutes a thin layer between the tonoplast and plasma membrane, as is the case in pea-stem tissue. However, in view of the fact that auxin rapidly enhances protoplasmic streaming in at least one tissue, the Avena coleoptile (4), this possible explanation for auxin-induced water flux must be considered. DNP, a potent inhibitor of protoplasmic streaming (4, 16) , reduces the rate of water flux in sections of pea stem (Table 2 ) and of Vicia faba root (9) , at a concentration which does not significantly reduce the growth of the tissue. These data leave open the possibility that the effect of IAA on water flux might be mediated by an enhancement of streaming. Changes in permeability might also be brought about by conformational or configurational changes of a membrane component (17) , which presumably could occur rapidly enough to account for the kinetics of auxin action on water flux. This concept of auxin action is consonant with the well-established requirement that only molecules having a lipophilic ring or presumptive ring system are active auxins (18) , and also with the rapid increase in passive permeability known to occur after stimulation of pea tendrils (19, 20) and Albizzia (21) , and during neural conduction iD animnals. There is no reason to believe that an increase in water permeability per se should induce a net inward water movement, and hence growth, since it merely provides a faster exchange of water across the membranes. However, auxin also enhances the permeability of cells to other substances (22, 23) , and Burstr6m et al. (7) have suggested that any change in cytoplasmic permeability may in turn alter Young's modulus, and thus elastic extensibility. In pea-stem sections, we find that after IAA application an increase in protoplasmic permeability to water occurs prior to the reported change in elastic extensibility (7) , which in turn precedes and may be the cause of an acceleration in growth rate. At the present time it is not possible to determine if the change in water permeability induced by auxin is causally related to auxininduced growth, but whether or not this is the case it is still essential to consider this rapid effect of auxin on water flux in attempting to understand the initial action or actions of the growth hormone.
